Neuronal Polarization: Old Cells Can Learn New Tricks
Regeneration was once thought to be exclusive to young neurons. Now, a new study shows that functional and interconnected hippocampal neurons have the potential to quickly recover from losing an axon. They do so by signaling a dendrite to change its specification and replace the missing axon by rearranging the microtubule cytoskeleton.
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Neurons are highly polarized cells, with neurotransmitters from neighboring axons binding to receptors on dendrites, thus allowing for directional signaling. Disruption of this polarization by severing the axon eliminates the ability of a neuron to function. In young, immature neurons, restoration of polarity can occur by transforming a dendrite into a new axon [1] . An important, clinically relevant, question is whether this can also occur in older, mature neurons. In a new study reported in a recent issue of Current Biology, Gomis-Rü th et al. [2] show that it is possible for neurons that have already grown to maturity and established functional connections to regenerate their axons. This ability seems to stem from the neuron's capacity to continually remodel its microtubule cytoskeleton, despite the highly ordered structure needed to maintain neuronal connections. The ability for the microtubules to be remodeled has been suggested before but has not yet been shown in mature neurons [3] . The cytoskeletal structure of neurons differs in axons and dendrites in several ways. Axons contain the microtubule-associated protein (MAP) tau while dendrites contain MAP2. The microtubules are also oriented differently in axons and dendrites, with microtubules being mostly unidirectional in the axon and bi-directional in the dendrite. In addition, axons contain more stable microtubules than do dendrites. Young, migrating neurons go through phases in which they are multipolar and eventually settle into a unipolar state before finishing their migration [4] . This process of polarization would have to involve the distinction of the axon from the many nascent extensions resulting in orientation and stability changes in the microtubule cytoskeleton. It was previously unknown if these changes were permanent.
In this new study, Gomis-Rü th et al. [2] show that mature neurons with established connections form new axons when the original axon is cut and that microtubule stability plays an important role in this process. Significantly, the authors show that new axon formation occurs both in vitro and ex vivo [2] . The authors found that axotomy closer to the cell body results in the transformation of a dendrite into a new axon. The identity of the new axons was confirmed by a number of features, including the formation of functional synapses [2] . Distal axotomy caused regrowth of the original axon ( Figure 1 ).
These results raise the question of how transformation of a dendrite into an axon occurs. It was recently shown that microtubule stabilization helps specify initial neuronal polarization [5] . To understand whether microtubule stability plays a role in axonal determination in mature neurons, Gomis-Rü th et al. [2] stabilized the microtubules of neurons in culture with taxol. Surprisingly, they found that this treatment causes formation of multiple axons. The study demonstrates for the first time that microtubule stability is sufficient to cause a mature neuron to form multiple axons. The transformation and growth of dendrites into axons continues after taxol has been washed out, suggesting that the initial stabilization of microtubules may be the critical signal for axonal growth.
This implies that signaling cascades that control microtubule stability molecules, such as GSK3P and CRMP2 (reviewed in [6] ), may play a role in axonal determination and regrowth.
A major question is how microtubules can be changed from dendritic to axonal characteristics. In fact, the axon arises from the first neurite that develops after mitosis. This neurite forms close to the region where centrosomes, endosomes, and the Golgi apparatus cluster together [7] . Interestingly, neurons with more than one centrosome sprout more than one axon. Thus, molecules that play a role at the centrosome may be important for the control of polarization, dynamics, and structure of microtubules to allow for dendrite or axon identity. One possible candidate for regulating identity is the adenymous polylosis coli (APC) protein, which is partially responsible for axon guidance in the growth cone but has been implicated in polarization of microtubules in relation to the nucleus in migrating neurons [8] . End binding protein-1 (EB1), a plus-end tracking protein (+TIP), is another candidate. Recent reports have suggested that EB1 alone can affect microtubule stability depending on the amount bound to the microtubule [9] . Regulation of microtubule stability by EB1 could potentially contribute to the creation of a growth cone in a dendrite. It has also been shown that mDia2 can affect the orientation of microtubules [10] , suggesting that, while APC and EB1 regulate microtubule stability, mDia may act in concert to align the microtubules.
Furthermore, molecules that regulate local microtubule assembly and differentially affect dendrites and axons, such as cypin and CRMP-2, could be new players in the determination of dendrites and axons. In fact, although both cypin and CRMP-2 bind to tubulin heterodimers and promote microtubule assembly in hippocampal neurons, cypin increases dendrite branching [11] while CRMP-2 causes multiple axon formation [12] . This suggests that multiple molecules regulate dendrite/axon specification in both young and mature neurons.
It has been suggested that axons and dendrites utilize separate mechanisms to transport molecules to their targets [13] and that transport of microtubules from the cell body is an essential feature of dendrite development [14] . Motor proteins may play an important role in this process. For example, kinesin-5 regulates the growth of the axon by acting as a brake on its microtubule array [15] , and cytoplasmic dynein helps to align axonal microtubules with one another [16] . Similarly, dynein plays a role in initiating neurite protrusions [17] . These proteins may be separated into dendrite-and axon-specific functions, although these specific functions are just beginning to be uncovered.
Interaction of microtubules with the actin cytoskeleton may also play a role in remodeling of dendrites. The actin cytoskeleton is necessary for retrograde movement of microtubules, which would be needed to achieve microtubule alignment found in axons [18] . In contrast, other reports suggest that the actin cytoskeleton is not required for this transport [19] . The new study [2] shows that microtubules in the proximal axon are similar in stability to those in dendrites, which implies that the stabilization and uni-polarity of microtubules may occur more distally in the axon. Recent evidence suggests that if the microtubules are too stable, they may not be able to interact with the actin cytoskeleton [20] . The importance of this in mature neurons remains to be seen, especially considering the cytoskeletal interactions already in place, but clearly a balance must be struck between stability and mobility.
In summary, this new report by Gomis-Rü th et al. [2] suggests that mature neurons can learn to be young again. This paper clearly illustrates that the molecules and mechanisms being observed in the study of young developing neurons may be applicable to regeneration in older neurons. Thus, an old cell can learn new tricks. Determination of the number of times that plastids have been gained and lost during eukaryotic evolution has proven difficult. A recent study has uncovered what could be the molecular signature of a photosynthetic ancestry for an important plastid-lacking lineage of microbial eukaryotes -the ciliates.
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Ask a ciliate biologist what their organism of choice can tell us about the evolution of eukaryotic photosynthesis and the answer is likely to be ''what are you talking about?''. This would be a reasonable response. After all, ciliates have been intensely studied for decades, being famous for their nuclear dualism [1] and important contributions to the field of molecular biology (e.g., telomerase was discovered in ciliates [2] ): they are definitely not photosynthetic. Nor is there any evidence that they harbor a remnant plastid, as seen in the malaria parasite Plasmodium [3] . Far from being passive sunbathers, ciliates play the role of voracious predator in diverse microbial ecosystems ranging from the anaerobic guts of animals to the open ocean. Nevertheless, by virtue of their position on the eukaryotic tree, ciliates are part of a long-standing argument over the tempo and mode of plastid evolution, specifically the question of how often such organelles have been gained and lost during the history of eukaryotes. In a recent issue of Current Biology, Reyes-Prieto et al. [4] presented phylogenomic evidence suggesting that, despite their current lifestyle, ciliates may have evolved from photosynthetic ancestors, an observation that is certain to heat up the simmering debate over plastid evolution.
The photosynthetic organelles of algae and plants -plastids -evolved from cyanobacteria by endosymbiosis. It is widely believed that 'primary' plastids evolved only once, probably in the common ancestor of red, green and glaucophyte algae [5] , three lineages that are grouped together in the eukaryotic 'supergroup' Plantae (or Archaeplastida). Less clear is the number of times that photosynthesis has spread horizontally across the eukaryotic tree by 'secondary' endosymbiosis, a process whereby a primary-plastid-containing alga is taken up and assimilated by a second, non-photosynthetic host eukaryote [5] . Reasonable estimates range from as few as three to as many as seven (or more) distinct secondary endosymbioses involving both green and red algal endosymbionts. Remarkably, several clear examples of tertiary endosymbiosis have also been documented, in which a secondary-plastid-containing alga is engulfed by a distantly related eukaryote [5] .
Secondary-plastid-containing algae are among the most genetically and morphologically diverse phototrophs on the planet: figuring out how they are related to one another by comparing the sequences of their genomes is anything but trivial. Secondary plastids are also patchily distributed across the eukaryotic tree, with the organisms that bear them often being most closely related to non-photosynthetic, plastid-lacking lineages. This is the situation with ciliates. These organisms belong to the alveolates, a lineage that also includes the red-tide-causing dinoflagellate algae and apicomplexan parasites [6] . Although exclusively non-photosynthetic, many apicomplexans (e.g., Plasmodium and Toxoplasma) possess a remnant plastid of red-algal origin retained for the purpose of fatty acid and isoprenoid biosynthesis [3] . The peridininpigmented plastids of dinoflagellates are also derived from red algae. To explain the origin of apicomplexan
